Using a conditional expression system with the temperature-induclble XP L promoter, we previously showed that the single mutations 13U-A and 914A-U, and the double mutation 13U-A and 914A-U In Escherichia coll 16S ribosomal RNA Impair the binding of streptomycin (Pinard et at., The FASEB Journal, 1993, 7,173 -176). In this study, we found that the two single mutations and the double mutation increase translational fidelity, reducing In vivo readthrough of nonsense codons and frameshifting, and decreasing In vitro mislncorporatlon In a poly(U)-dlrected system. Using ollgodeoxyribonucleotlde probes which hybridize to the 530 loop and to the 1400 region of 16S rRNA, two regions Involved In the control of tRNA binding to the A site, we observed that the mutations In rRNA Increase the binding of the probe to the 530 loop but not to the 1400 region. We suggest that the mutations at positions 13 and 914 of 16S rRNA induce a conformatlonal rearrangement In the 530 loop, which contributes to the Increased accuracy of the ribosome.
INTRODUCTION
The importance of ribosomal RNA in the function of the ribosome is supported by a growing body of studies, including mainly footprinting and site-directed mutagenesis studies (reviewed in 1-3; see also 4). In a previous study, we introduced two single mutations and one double mutation (13U-A, 914A-U, and 13U -A plus 914A-U) in 16S rRNA in an expression vector containing the rmB operon under control of the thermoinducible XP L promoter. Ribosomes were extracted from bacteria transformed with the mutant plasmids, after the expression of the plasmid rRNA gene was induced. We found that both single mutations and the double mutation impair the binding of streptomycin to the ribosome (5) . We had previously proposed on the basis of comparative sequence analysis that the central pseudoknot formed between residues 17 to 19 and 916 to 918 of 16S rRNA may be transiently disrupted during protein synthesis, and that an alternate helix between residues 12 to 16 and 911 to 915 can be formed (6) . We also proposed that this alternate helix is required for streptomycin binding and that mutations such as those at position 13 or 914, which should destabilize this helix, should interfere with the binding of streptomycin. Mutations at position 13 or 914 did indeed impair streptomycin binding. However, die double mutant in which the capacity of position 13 to base-pair with position 914 was restored did not bind streptomycin, which does not support die existence of the alternate helix (5) .
Since streptomycin impairs the control of translational accuracy (reviewed in 7), we have hypodiesized that mutations which interfere with the binding of the drug could also affect the control of translational accuracy. In this study, we investigated whedier mutations at positions 13 and 914 of 16S rRNA perturb the control of translational accuracy by measuring how they affect in vivo suppression of nonsense codons and frameshifting, and in vitro misincorporation in a poly(U)-directed system. We also studied the effect of these mutations on the conformation of die 530 loop and the 1400 region of 16S rRNA, two regions involved in the binding of tRNA to the A site (8) . This was done by examining whedier the mutations alter die binding of deoxyribonucleotide probes which are complementary to these two regions.
Finally, attempts to increase die proportion of mutant rRNA in ribosomes and poly somes (which is less than 50% with die XP L expression system) drastically impaired cell growdi, which indicates diat mutations at positions 13 and 914 are deleterious to the cells above a given threshold.
MATERIALS AND METHODS
Bacterial strains and plasmids Strain POP2136, which contains die chromosomal cI857 allele coding for the thermosensitive repressor of the XP L promoter (5), was die host for plasmids widi die XP L promoter. Strain MC140 (F~ A(lac-pro) dii~ recA~ srl~ ) was used as a host for lacL plasmids in nonsense suppression and frameshifting assays. Strains POP2136SM and MC140SM are spontaneous errorrestrictive streptomycin-resistant mutants, which have been isolated in our laboratory. They are derived from POP2136 and MC140, respectively, and contain a mutated ribosomal protein S12.
Plasmid pLAH1192, a derivative of pNO2680 (9), has been described (5) . It contains die rmB operon under control of die diermoinducible XP L promoter and harbors a selectable marker *To whom correspondence should be addressed (1192C-U) in the 16S rRNA. Plasmids pL13A, pL914U and pL13A-914U are derivatives of pLAH1192 with respectively a single mutation at position 13 (U-A), 914 (A-U), and a double mutation at positions 13 (U-A) and 914 (A-U) in the 16S rRNA (5) . LacL plasmids (10; see Figure 1 ) were used to assess the effects of the expression of the mutants derived from pLAH1192 on translational accuracy. Plasmid pLG857 which contains the thermolabile X repressor allele (11) was used to control the expression of pLAH1192 and its derivatives in MC140. The MC140 strain, the lacL plasmids and pLG857 are a generous gift from Drs M.O'Connor and A.E.Dahlberg, Brown University, Providence, R.I.
Growth rate analysis of mutants in the 16S rRNA gene Overnight cultures in LB broth at 30°C of POP2136 containing either pLAHl 192 or its mutant derivatives (pL13A, pL914U and pL13A-914U), were used to inoculate fresh LB medium and grown at 42°C to late log phase (absorbance of 1 at 550 nra). An aliquot of the cultures was then diluted into fresh medium and grown again for about two hours at 42°C. This second cycle of growth was followed by a third cycle, during which the procedure of dilution and growth in fresh medium was repeated (see 12) .
Distribution of plasmid rRNA in ribosomal subunits, ribosomes, and polysomes Ribosomes, ribosomal subunits and polysomes were extracted by the lysis procedure (13) from POP2136 cells transformed with pLAHl 192 or its mutant derivatives and grown at 42°C for about one hour and a half, during the three successive cycles of growth. The cell extracts were analyzed by centrifugation for 17 h at 18000 rpm in a SW-28 rotor through a 15 to 40% (w/v) sucrose gradient in a buffer containing 20 mM Tris-HC1 pH 7.6, 10 mM MgCl 2 , 100 mM NH4CI and 6 mM /3-mercaptoethanol. The rRNA was extracted with phenol from the fractions corresponding to the 30S subunits, ribosomes and polysomes, and the proportion of plasmid-encoded rRNA distinguishable by the C to U mutation at position 1192 was analyzed by primer extension (14) . The relative band intensities on the autoradiographs were measured with a LKB densitometer.
Suppression of nonsense codons and frameshifting
Strain MC140, containing pLG857 plus one of the lacL constructs with a nonsense codon or a frameshift mutation at the beginning of the coding region of the lacL gene (Figure 1 with pLAHl 192 or its mutant derivatives. The cells were grown for two hours at 42 °C in LB medium and the /3-galactosidase activity was then determined following the method of Miller (15) , with some modifications (16) . Suppression values were calculated as the /J-galactosidase activity obtained with the nonsense or frameshift mutant divided by the activity obtained with the same strain containing wild-type lacZ gene.
Misincorporation of isoleucine in a poly(U)-directed system
Ribosomes were isolated by the lysis procedure as described above. The frequency of translational error with mutant ribosomes was assessed as described (17), by measuring the ratio of isoleucine incorporated per phenylalanine in a poly(U)-directed system, except that the isoleucine concentration was raised to 2 /iM and no streptomycin was added.
Interaction between ribosomes and deoxyribonucleotide probes Binding of deoxyribonucleotide probes was examined either with 70S ribosomes isolated by the lysis procedure or with 30S subunits purified by standard procedures from the dissociated ribosomes. The method followed for binding studies has been described in detail by Weller and Hill (18) . Binding of deoxyribonucleotides complementary to sequences 520 to 531 and 1397 to 1403 of 16S ribosomal RNA was assessed by Millipore filtration after incubating the 30S subunits (0,33 A 26O units) or the 70S ribosomes (1 A 2 «) unit) with an excess of 5't 32 ?] labeled probes (specific activity : about 1000 cpm/pmol) for four hours at 15°C in 50 nL of the binding buffer (10 mM Tris-HCl, pH 7.4, 15 mM MgCl 2 , 150 mM KC1 and 2 mM dithiothreitol). The probes for the 530 loop and the 1400 region were added at a molar ratio of 10 and 4 per ribosomal particle, respectively. The specificity of the hybridization was controlled by treatment with RNAse H (Pharmacia) as described (18) . Figure 2A compares the growth rate of POP2136 cells transformed with the wild-type plasmid (the unmutagenized pLAHl 192) or its three mutant derivatives pL13A, pL914U and pL13A-914U. When transcription of plasmid-encoded rRNA genes was induced, no difference was seen between wild-type and mutant plasmids during the first cycle of growth. Analysis of the distribution of plasmid-encoded rRNA during this cycle showed that the proportion of wild-type plasmid 16S RNA in 30S subunits, ribosomes and polysomes is about 50%, whereas mutant RNA is found in about 45% of ribosomes, but 60% of 30S subunits and 30% of polysomes (Table 1) . Aliquots of log phase cultures were submitted to repeated cycles of growth in fresh medium, in order to increase the proportion of plasmidencoded rRNA in ribosomal particles. Under these conditions, induction of the rmB operon under control of the XP L promoter should lead to a feedback repression of the chromosomal rrn operons under control of the constitutive promoters (9, 19) . However, during the successive cycles of growth, the mutations in 16S rRNA were found to impair cell growth rate. When the gradient profiles of cell extracts were analyzed during the second and third cycles of growth ( Fig. 2B and C) , the amount of ribosomal subunits strongly increased in cells transformed with mutant plasmids at the expense of polysomes and 70S ribosomes, and an additional peak next to the 30S subunits was observed during the third cycle of growth. As expected, the proportion of wild-type plasmid-encoded rRNA in 30S subunits, ribosomes and poly somes steadily increased to 60-65% during the second and third cycles of growth, but no such increase was seen with the mutant plasmids (data not shown). The additional peak next to the 30S subunits, which is observed in the lysates of cells transformed with mutant plasmids, was found by primer extension to contain rRNA unprocessed at its 5' end, but there was no significant enrichment for mutant rRNA in this peak (data not shown). All the symptoms observed in cells transformed with the mutant derivatives of pLAH 1192 during the second and third cycles of growth directly suggest that the bacteria do not tolerate die expression of mutated RNA above a given threshold. In agreement with this observation, we were unable to express the mutations 13 and 914 in a rrnB operon under control of the constitutive promoters, suggesting that the mutations are lethal under these conditions. When the mutation is not noxious to the cells, the proportion of plasmid-encoded rRNA under control of constitutive promoters can reach 65 to 70% in ribosomes (17, 20) .
RESULTS
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Effects of the mutations in 16S rRNA on translational accuracy
The effect of the mutations in 16S rRNA on in vivo translational fidelity was assessed by examining the suppression of nonsense or frameshift mutations in the lacL gene (Table 2) . For comparison, an error-restrictive streptomycin-resistant derivative of the host strain with mutated protein S12 was also examined. The 16S rRNA mutations, whether single or double, decreased readthrough of stop codons or frameshifting. Although the effects were seemingly modest, they were nonetheless significant and reproducible. Moreover, they were comparable to those observed with the S12 mutant, taking into account that only 30% of the ribosomes present in poly somes contain the mutation in 16S rRNA (see Table 1 ), whereas all the ribosomes in the streptomycin-resistant strain contain mutated S12. Either single mutation or the double mutation had a similar effect.
In vitro assays supported the in vivo results in showing a decrease in the misreading of poly(U) with ribosomes harboring mutant RNA. Ribosomes isolated from bacteria transformed with pLAH1192 or its mutant derivatives were compared for their capacity to misincorporate isoleucine in a poly(U)-directed system ( Table 3 ). The ribosomes with mutant rRNA misincorporated isoleucine at about 30% of the value obtained with wild-type ribosomes. Ribosomes extracted from a streptomycin-resistant derivative of the host strain with mutated S12 were also assayed for their capacity to misincorporate isoleucine. With these ribosomes, the misincorporation was about 13% of that found with wild-type ribosomes. We conclude that the mutations in 16S rRNA or in S12 have a similar effect on translational fidelity, knowing that only about 50% of the 70S ribosomes contain mutated RNA (Table 1) .
Binding of oligodeoxyribonucleotide probes
The binding of oligodeoxyribonucleotide probes complementary to the 530 loop or the 1400 region was assayed with 70S ribosomes or 30S subunits originating from POP2136 transformed with the wild-type plasmid pLAHl 192 or its mutant derivatives. For comparison, experiments were also performed with ribosomes or 30S subunits from a streptomycin-resistant mutant of POP2136 with altered S12 (see Table 4 ). The binding of cDNA probes to the 1400 region and to the 530 loop has been extensively studied by Hill and collaborators (reviewed in 21). Whereas the 1400 region is readily available to cDNA oligomers, the 530 loop The proportion of plasmid-encoded rRNA was determined by primer extension, as described in Materials and Methods. Results are the means of four to eight experiments with independent preparations. The standard deviations on the means were less than or equal to 10%. Ribosomes were extracted from POP2136, transformed with pLAHl 192 or its mutant derivatives, and from POP2136SM, a streptomycin-resistant derivative of POP2136 with mutated protein S12. The error frequency is the ratio of isoleucine incorporated per phenylalanine into hot trichloroacetic acid-insoluble material under the direction of poly(U). The amount of ribosomes was 0,5 A^n unit in 100 IIL and poly(U) was present at 40 /ig/mL. The incorporation of [ was always difficult to probe. We obtained a maximum binding RNA or S12, the binding of the probe to the 530 loop was of 0.25 mol/mol to the 530 loop with wild-type 30S subunits (see significantly increased, when compared to wild-type ribosomes. also 21, 22) . The binding of the 1397-1403 probe is stoichiometric This suggests that the mutations induce a conformational but we selected conditions where it was substoichiometric. These rearrangement which makes the 530 loop more available. In conditions make it possible to detect whether ribosomal mutations contrast, neither mutations in 16S rRNA nor in protein S12 could enhance the binding of the probe. The results in Table 4 affected the binding of the probe to the 1400 region (data not show that with ribosomes or 30S subunits containing mutated shown). 
DISCUSSION
In this study, we showed that mutations 13U -A and 914A-~U in 16S rRNA decrease in vivo nonsense suppression and frameshifting, and reduce in vitro poly(U)-directed misincorporation of isoleucine. Similar effects were observed with either one or both mutations. These results led us to conclude that these mutations increase the translational control of accuracy. As mentioned earlier, we had proposed that positions 13 and 914 might base-pair during protein synthesis (6). This was not supported by the results of a previous study, which showed that both the 13U -A and the 914A -U mutations in 16S rRNA impaired the binding of streptomycin but that the double mutant, where the capacity of position 13 to base-pair with position 914 was restored, did not bind streptomycin either (5). It is also not supported by our finding in this study that the control of translational fidelity was not restored to wild-type level with ribosomes harboring the double mutation. Figure 3 presents a portion of the secondary structure of the 16S rRNA, showing the 530 stem/loop and the 1400 regions, two regions which are protected upon binding of tRNA at the A site (8) . In this study, these two regions were probed with complementary cDNA oligomers, in order to detect a possible effect of mutations at positions 13 and 914 on their accessibility. It was found that the two mutations make the 530 loop more available, enhancing the binding of the probe. No such effect was seen in the 1400 region. The 530 loop region was also more exposed in ribosomes harboring mutated S12, a protein in which mutations have long been known to increase the control of translational accuracy (reviewed in 24). In the classical models describing the folding of the 16S rRNA within the 30S subunit (25, 26) , the 530 region is located at a distance of 70-100 A from the decoding center, where the 1400 region is situated, and positions 13 and 914 are located midway between the 530 region and the decoding center. However, recent data suggest that the 530 loop and the decoding center could be much closer than currently assumed (27, 28 The binding of the probe was assessed by Millipore filtration with ribosomes or 30S subunits extracted from POP2136 transformed with pLAHl 192 or its mutant derivatives, or from POP2136SM, a streptomycin-resistant derivative of POP2136 harboring a mutated S12. A value of 1.00 was arbitrarily assigned to the binding of the probe to the ribosomal particles with wild-type 16S rRNA (values in parentheses indicate the binding in mol/mol). Results are the means of six to eight experiments with independent preparatioiis. The binding of a probe complementary to the 1400 region was not altered with the different mutants (not shown).
or not to the decoding center, it will be important to understand through which mechanism mutations at positions 13 and 914 affect the 530 loop region. It is most likely that the effect of these mutations are conveyed through protein S12, which protects residues in the 530 stem/loop region and near positions 13 and 914, as shown by footprinting studies (29) .
Powers and Noller have demonstrated by site-directed mutagenesis that there is a pseudoknot structure in the 530 stem/loop region, which involves bases 524-526 in the 530 loop and bases 505-507 in an adjoining bulge loop (30, see Figure  3 ), and which is stabilized by protein S12 (29) . The presence of this pseudoknot should interfere with the binding of the cDNA probe to the 530 loop. This is indeed what is observed since, even with a large excess of probe, the binding does not exceed 0.25 mol/mol with wild-type ribosomes (21,22 and our results). The mutations at positions 13 and 914 in rRNA, which impair the binding of streptomycin, probably destabilize the pseudoknot structure, thus favoring the binding of the probe. In agreement with this observation, Powers and Noller also found that mutations in the 530 stem/loop region which destabilize the pseudoknot structure interfere with streptomycin binding (30) . Ribosomes reconstituted without S12, where the pseudoknot structure is destabilized, do not bind streptomycin either (31) . One can therefore hypothesize that the formation of the pseudoknot structure in the 530 stem/loop region is required for streptomycin binding. However, the relationship between the binding of streptomycin and the 530 region is not clear, since streptomycin is neither cross-linked to this region nor does it affect its reactivity to chemical probes (reviewed in 32).
The 530 stem/loop region plays a crucial role in tRNA selection at the ribosomal A site (reviewed in 3; see also 11, 33 and references therein), which can be related to its functional interaction with elongation factor EF-Tu (34). Ribosomes minus S12 or with mutated S12 display a higher degree of accuracy than wild-type ribosomes (24, 31) . As shown in this study, ribosomes mutated at positions 13 and 914 of 16S rRNA are also more accurate than wild-type ribosomes. Therefore, information from various sources seems to link a conformational rearrangement of the 530 stem/loop region to an increased control of translational accuracy. It is known that translational fidelity is achieved in a two-step process, involving an initial selection of ternary complexes (aminoacyl-tRNA o EF-Tu°GTP), followed by a proofreading step after GTP hydrolysis (24, 35) . Which of these steps is affected by the conformational rearrangement of the 530 loop remains to be determined. Interestingly, according to Allen and Noller (36) , there exist two conformational states of the 30S subunits, one being error-restrictive and the other error-prone. These states differ in their reactivity towards chemical reagents and the balance between them is influenced by mutations that alter the control of translational accuracy. It is tempting to suggest that the rearrangement of the 530 loop that we observe with 16S rRNA or S12 mutations, and which we detect with deoxyribonucleotide probes, correspond to a shift towards the error-restrictive conformation. When using chemical reagents, Allen and Noller did not find any difference in the 530 loop between the two conformational states of the 30S subunit which they proposed. cDNA oligomers are probably more sensitive probes to assess changes in the higher-order structure of the 530 loop region.
When bacteria are transformed with the wild-type plasmid containing the rrn operon, the plasmid-encoded rRNA is present in 50% of the ribosomes and poly somes, whereas in bacteria transformed with mutated plasmids harboring mutations at positions 13 and/or 914 in the 16S rRNA gene, the plasmidencoded rRNA is present at a level of about 45 % in the 70S ribosomes and 30% in polysomes. When we attempted to increase the proportion of mutated rRNA in ribosomes by repressing the expression of chromosomal rRNA, the mutations in 16S rRNA were deleterious to the cells. The mutations did not impair subunit association. Indeed, no difference was seen in the proportion of mutant relative to wild-type plasmid 16S rRNA when monitoring their level in ribosomes and polysomes isolated from sucrose gradients at concentrations of magnesium from 6 to 20 mM (data not shown). It is unlikely that the deleterious effect of the mutations in 16S rRNA results from the increased control of translational accuracy which they confer, since mutations in protein S12 which also increase translational fidelity are not lethal. Rather, we suggest that mutations at positions 13 and 914 also have an adverse effect on poly some formation or stability. Experiments are underway to investigate this suggestion.
